The identification of a growing number of novel Mendelian disorders and private mutations in the Roma (Gypsies) points to their unique genetic heritage. Linguistic evidence suggests that they are of diverse Indian origins. Their social structure within Europe resembles that of the jatis of India, where the endogamous group, often defined by profession, is the primary unit. Genetic studies have reported dramatic differences in the frequencies of mutations and neutral polymorphisms in different Romani populations. However, these studies have not resolved ambiguities regarding the origins and relatedness of Romani populations. In this study, we examine the genetic structure of 14 well-defined Romani populations. Y-chromosome and mtDNA markers of different mutability were analyzed in a total of 275 individuals. Asian Y-chromosome haplogroup VI-68, defined by a mutation at the M82 locus, was present in all 14 populations and accounted for 44.8% of Romani Y chromosomes. Asian mtDNA-haplogroup M was also identified in all Romani populations and accounted for 26.5% of female lineages in the sample. Limited diversity within these two haplogroups, measured by the variation at eight short-tandem-repeat loci for the Y chromosome, and sequencing of the HVS1 for the mtDNA are consistent with a small group of founders splitting from a single ethnic population in the Indian subcontinent. Principal-components analysis and analysis of molecular variance indicate that genetic structure in extant endogamous Romani populations has been shaped by genetic drift and differential admixture and correlates with the migrational history of the Roma in Europe. By contrast, social organization and professional group divisions appear to be the product of a more recent restitution of the caste system of India.
Introduction
The Roma (Gypsies) became one of the peoples of Europe when they arrived in the Byzantine Empire 900-1,100 years ago (Fraser 1992; Rochow and Matschke 1991) . The formation of the present-day Romani populations of European countries is the compound product of the early migrations from the Balkans into western Europe, completed by the 15th century, and three superimposed migration waves: the first during the end of the 19th century, after the abolition of Gypsy slavery in Romania (Hancock 1987; Fraser 1992; Lié-geois 1994) ; the second out of Yugoslavia, during the 1960s and 1970s; and the third during the last decade, following the political and economic changes in eastern Europe (Reyniers 1995) . Current estimates of the total Romani population size in Europe range from 4 million to 10 million, with the largest numbers concentrated in central and southeastern Europe (Liégeois 1994; Marushiakova and Popov 2001c) .
In recent years, novel single-gene disorders (see Kalaydjieva et al. 1996 Kalaydjieva et al. , 2000 Angelicheva et al. 1999; Tournev et al. 1999; Rogers et al. 2000; Thomas et al., 2001) , as well as private mutations causing known Mendelian disorders (see Piccolo et al. 1996; Abicht et al. 1999; Kalaydjieva et al. 1999; Plasilova et al. 1999) , have been identified. Large Romani families with psychiatric disorders are being used in an effort to localize susceptibility genes (Kaneva et al. 1998) , and epidemiological evidence suggests that there are differences in the prevalence of other complex disorders, such as Parkinson disease and multiple sclerosis, between the Roma and surrounding European populations (Kalman et al. 1991; Milanov et al. 2000) . The Roma are thus emerging as an interesting founder population, with a genetic-research potential that is still to be explored.
The complex structure of Romani society, where the Romani Group is the primary unit, has long attracted the attention of cultural anthropologists (Petulengro 1915-16; Fraser 1992; Marushiakova and Popov 1997) . Liégeois (1994, p. 61 ) describes the current social organization of the Roma as a "fluid mosaic of diversified groups." Group identity and the ensuing social divisions are based on a variety of criteria, such as customs, ethnonyms describing traditional trades, and dialects reflecting the history of migrations. The greatest diversity is found in the Balkans, where numerous Romani populations with well-defined social boundaries exist Popov 1997, 2001a ). This social organization and its strong impact on rules of endogamy have not been addressed in genetic research. Population-genetic studies of the Roma from different European countries have been performed for nearly 80 years and have mostly sought to compare the Roma to autochthonous Europeans and to identify genetic affinities with proposed parental populations and with other Romani populations. The low resolution of individual classical genetic markers and the random sampling design have often led to contradictory results. Nonetheless, these studies have generally concluded that the Roma are genetically distinct from other European populations, while, at the same time, different Romani populations are separated by larger genetic distances than are their European neighbors (reviewed by Kalaydjieva et al. [2001b] ). Recent medical-genetic studies have shown that founder mutations can be shared by socially diverse and geographically dispersed Romani populations, whereas those living in close geographic proximity can display markedly different gene frequencies (reviewed by Kalaydjieva et al. [2001b] ). Thus, social practices, as well as genetic data, suggest significant population substructure. The relationship between traditional group divisions and biological affinities, however, is unclear and appears to be complex. Current patterns-genetic as well as social-could be the product of diverse scenarios, with different implications for genetic epidemiology.
In this study, we address the issue of genetic relatedness behind the social and cultural diversity of Romani populations. We have used Y-chromosome and mtDNA markers of different mutability to examine the origins and diversification of paternal and maternal lineages in 14 well-defined Romani populations. The findings point to common Asian origins and suggest that the early history of splits and migrations in Europe has played a major role in shaping current genetic structure.
Subjects and Methods

Study Populations
This study included 275 unrelated males from 14 traditional Romani populations, selected to represent different cultural-anthropological classification criteria (Marushiakova and Popov 1997) and to allow an assessment of their genetic relevance. Group characteristics and numbers sampled are shown in table 1. Most populations are well defined and endogamous relative to each other, except for the Lingurari, Monteni, and Intreni, who are separated by geographic distance rather than by rules of endogamy. The previously described Kalderash, Monteni, and Lom populations (Kalaydjieva et al. 2001a) were typed for additional loci, and the Lom sample size was expanded.
The analyses also included samples from 40 males from Asia and the Middle East who were found to carry Y-chromosome haplogroups VI-68 and VI-56, as defined by mutations M82 and M67, respectively . These samples were genotyped for the Y-chromosome short-tandem-repeat (Y STR) markers used in this study.
This study is part of an ongoing project, investigating the molecular epidemiology of single-gene disorders and the population structure of the Roma, conducted in collaboration with Romani organizations and local health authorities. Research into genetic epidemiology (to be published separately) involves carrier testing for private founder mutations, with genetic counseling provided to all participating subjects. Informed consent for both aspects of the study has been obtained from all individuals involved. This study complies with the ethical guidelines of the participating institutions.
Y-Chromosome Analysis
This part of the study included 252 Romani and 40 non-Romani male subjects. As suggested by de Knijff (2000), we designate Y chromosomes defined by uniqueevent polymorphisms (UEPs) as "haplogroups," those defined by Y STRs as "haplotypes," and those defined by both UEPs and Y STRs as "lineages." Haplogroup designation follows the nomenclature proposed by Underhill et al. (2000) .
Y-Chromosome Haplogroups
Comprehensive analysis of UEPs was performed as described (Underhill et al. 1997 (Underhill et al. , 2001 Shen et al. 2000) on 94 Romani males, aiming at the identification of the major Y-chromosome haplogroups in the Roma. The remaining 158 samples were typed for the M82 locus, a 2-bp deletion, in derived Y chromosomes, that defines haplogroup VI-68 . PCR amplification was done with fluorescently labeled primers 5 -CTGTACTCCTGGGTAGCCTGT-3 and 5 -AA-GAACGATTGAACACACTAACTC-3 . The products were separated by size on a 377 DNA Analyzer (Applied Biosystems). The 70 samples that carried the ancestral M82 allele were genotyped for specific UEPs on the basis of the identities of their Y STR haplotypes with the common haplotype(s) of the specific haplogroup in the fully characterized Romani samples. These markers included M1, M45, M67, M89, and M170. M1 was analyzed as described elsewhere (Hammer and Horai 1995) . The remaining UEPs were analyzed using a modified version of the primer-extension assay (Bray et al. 2001 ) (protocol available on request) and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. Mass spectra were collected using a Voyager-DE PRO MALDI-TOF instrument (Applied Biosystems). Genotypes were determined manually by calculation of the mass of the dideoxynucleotide added onto the primer. The above analytical system left five samples for which haplogroup assignment was not possible.
Y STR Haplotypes
A total of 209 Romani and 40 non-Romani individuals were genotyped for eight Y STR loci-namely, DYS19, DYS388, DYS389II, DYS389I, DYS390, DYS391, DYS392, and DYS393. In addition, Y STR data for 43 Roma from three populations described by Kalaydjieva et al. (2001a) were expanded by typing for DYS388. PCR primers were as described elsewhere (Kayser et al. 1997) . The products were separated on an ABI 373A DNA Analyzer (Applied Biosystems). Allele sizes were converted to repeat number by ue of allelic ladders, which were analyzed in parallel. We define DYS389CD as equivalent to DYS389I, and we define and DYS389AB as equivalent to DYS389II minus DYS389I (Rolf et al. 1998) . Haplotypes were constructed following the ascending numerical order of loci given above. mtDNA mtDNA was analyzed in 275 Romani subjects. By analogy to the Y chromosome, mtDNA "haplogroups" are defined by coding-region RFLPs, "haplotypes" are defined by hypervariable segment 1 (HVS1) sequences, and mtDNAs defined by both RFLPs and HVS1 sequences are referred to as "lineages."
mtDNA Haplogroups RFLP analysis of coding regions of the mitochondrial genome was performed on 165 samples by use of standard protocols (Passarino et al. 1996; Richards et al. 1998; Macaulay et al. 1999) . This analysis provided an indication of the mtDNA haplogroups present in the Roma. In 110 samples, in which RFLP analysis was not performed, haplogroups were inferred from characteristic HVS1 variants (Macaulay et al. 1999; Simoni et al. 2000) .
mtDNA Haplotypes
HVS1 sequencing was performed on 194 samples. In addition, 81 HVS1 sequences previously reported in the Roma (Kalaydjieva et al. 2001a) were included in the statistical analyses. PCR amplification of the D-loop segment between positions 15997 and 16400 (Anderson et al. 1981 ) was performed as described elsewhere . The samples were sequenced in both directions and were run on an ABI 373A DNA Analyzer (Applied Biosystems). A 360-bp fragment of HVS1, between positions 16023 and 16384, was analyzed.
Data Analysis
The frequencies of male and female haplotypes, haplogroups, and lineages and the number of shared lineages were determined by direct counting. Diversity indices were determined using ARLEQUIN. Haplotype diversity, h, and its variance, V(h), were calculated according to the method of Nei (1987) . Pairwise differences, k, between haplotypes were calculated to provide a measure of the relatedness of haplotypes within haplogroups. Phylogenetic relationships between haplotypes within haplogroups were examined by constructing median-joining networks by use of Network 3.0 (see the Life Sciences and Engineering Technology Solutions web site) (Bandelt et al. 1995) .
The age of the founding Y-chromosome haplogroup VI-68 lineage was calculated as described by Kittles et al. (1998) , with a Y STR mutation rate of (95%
0.6 # 10 4.9 # 10 ( Heyer et al. 1997) . The age of the mtDNA haplogroup M lineage in the Roma was determined as suggested by Saillard et al. (2000) . Given that most of the actual mutated sites appear to have high mutation rates, the average mutation rate used in the calculations was roughly three times that used by Meyer et al. (1999) -that is, one mutation per 6,727 years. The average number of mutations from the ancestral haplotype were computed with Network 3.0 (see the Life Sciences and Engineering Technology Solutions web site) (Bandelt et al. 1995) . A generation time of 25 years was used.
Principal-components (PC) analysis was used to examine the differences in the distribution of Y chromosome and mtDNA haplogroups among 11 Romani populations where sample sizes were у10 for both data sets. The analysis was performed using the computer program ANTANA based on Eigenanalysis, where a correlation matrix is generated from standardized frequency data, corrected for sample size. 17-13-17-13-24-10-11-13 2 8 1 11 C 14-14-16-13-22-10-11-13 1 4 1 6 D 15-13-18-13-25-11-11-13 3 2 E 14-14-16-12-21-10-11-13 3 3 F 17-13-16-14-23-10-11-13 1 1 G 16-13-18-13-24-11-11-13 1 1 H 16-13-17-13-24-11-11-13 1 1 I 15-13-18-14-23-9-12-14 1 1 J 14-13-17-13-23-10-11-13 1 1 K 13-13-18-14-23-10-12-12 1 1 L 17-13-17-13-24-10-13-13 1 1 M ?-14-16-12-22-10-11-13 1 1 N 15-13-18-13-24-11-11-13 1 1 O 15-14-16-13-22-10-11-13 1 1 VI-56: 14-12-16-13-24-11-13-13 1 2 3 C 14-12-16-14-24-11-13-13 1 1 2 D 14-12-16-13-24-11-13-12 2 2 E 14-12-17-13-24-11-13-12 1 1 F 14-12-16-14-24-11-11-13 1 1 G 14-12-16-13-23-11-13-13 1 1 H 14-12-15-13-24-10-14-13 1 1 I 15-14-16-13-24-11-11-13 1 1 J 15-14-16-13-24-11-13-13 1 1 K ?-12-17-13-26-10-11-13 1 1 III-36: a Constructed using the marker order DYS19-DYS388-DYS389AB-DYS389CD-DYS390-DYS391-DYS392-DYS393. b Defined by UEP delAT at locus M82 and accounts for 44.8% of the total population in this study. c Defined by UEP ArC at locus M170 and accounts for 22.6% of the total population in this study. d Defined by UEP ArT at locus M67 and accounts for 12.7% of the total population in this study. e Defined by UEP ArC at locus M173 and accounts for 6.7% of the total population in this study. f Defined by UEP TrG at locus M35 and accounts for 3.6% of the total population in this study. g Defined by UEP CrT at locus M89 and accounts for 3.6% of the total population in this study. h Defined by UEP TrC at locus M92 and accounts for 2.0% of the total population in this study. i Defined by UEP ArC at locus M217 and accounts for 1.6% of the total population in this study. j The M217 locus was first reported, by Underhill et al. (2001) , as defining haplogroup V-52 . k Defined by UEP delG at locus M17 and accounts for 0.4% of the total population in this study. l Unknown haplogroups account for 2.0% of the total population in this study.
Analysis of molecular variance (AMOVA; Excoffier et al. 1992) was performed on the Y STR and mtDNA HVS1 data. Different groupings of populations, based on the criteria outlined in table 1, were considered. The apportionment of genetic variance was assessed, between individuals within populations, between populations within groups, and between groups of populations. The analyses were done with ARLEQUIN, using the "sum of squared size difference" setting, for Y STR data, and "pairwise differences," for mtDNA HVS1 data. Standard Bonferroni corrections were used to account for multiple comparisons.
Results
Y-Chromosome Analysis
The data obtained from the analysis of 252 male Roma are summarized in table 2. A total of nine known haplogroups were identified among the 247 Romani Y chromosomes for which haplogroup assignment was possible. Three haplogroups-namely, VI-68, VI-52, and VI-56-occurred at high frequencies (110%) and together accounted for ∼80% of all Y chromosomes. Four haplotypes-VI-68A, VI-68B, VI-52A, and VI-56A-together accounted for 57% of all Y chromosomes.
Major Paternal Founding Lineage
VI-68 was by far the most common haplogroup. It was observed in all 14 Romani populations and comprised 113 chromosomes, or 44.8% of the overall study population. Haplogroup VI-68 has been found previously at low frequencies in the Indian subcontinent and central Asia but, so far, has not been observed in other European populations , with the exception of one individual in the Ukraine (Semino et al. 2000) .
Y STR analysis of haplogroup VI-68 chromosomes identified 12 haplotypes (VI-68A-VI-68L). In a medianjoining network ( fig. 1A ), these haplotypes clustered tightly together, with a single inferred node. The two high-frequency haplotypes, VI-68A and VI-68B, are centrally located in the network, with the remaining haplotypes radiating from them. The high frequency of these two haplotypes is reflected in the low diversity within this haplogroup ( ; ). h p 0.47 k p 0.56 The distribution of VI-68 haplotypes in the Roma was compared with that of non-Romani haplogroup VI-68 chromosomes from different Asian populations. The 22 non-Romani chromosomes presented with 22 different Y STR haplotypes (table 3), including a haplotype that was one mutational step away from the most common Romani VI-68A lineage. A median-joining network, constructed from all 34 haplogroup VI-68 haplotypes (12 Romani and 22 Asian non-Romani) displayed a complex topology, in which the Romani Y chromosomes represented a limited subset of closely related haplotypes within the overall diversity of haplogroup VI-68 (data not shown). The non-Romani haplotypes were widely dispersed across the network, with many inferred nodes.
A single male lineage, VI-68A, defined by the 2-bp deletion at M82 and by Y STR haplotype 15-12-16-14-22-10-11-12, was shared by 80 individuals from all Romani populations. This common lineage accounted for 71% of haplogroup VI-68 chromosomes and for 32% of all Romani Y chromosomes examined. It was separated by one mutational step (at marker DYS19) from the second most common VI-68 lineage (VI-68B). VI-68B was not as widespread as VI-68A and occurred mostly in the Lom and the Lithuanian Roma (table 2) . The remaining haplogroup VI-68 lineages were rare and confined to individual Romani populations. When we considered the most frequent haplotype within haplogroup VI-68 to be the founding lineage, a coalescent date of 992 years ago (95%CI 425-3,472 years) was estimated.
Additional Y-Chromosome Lineages
Haplogroup VI-56 accounted for 12.7% (32 chromosomes) of all Romani males (table 2). It was identified in 6 of the 14 Romani populations and occurred at high frequency in the Lithuanian (25%) and Spanish (33%) Roma. This haplogroup has been found in Pakistan, central Asia, and the Middle East . Within Europe, haplogroup VI-56 has been identified in a single male individual from Sardinia . In the Roma, the 32 haplogroup VI-56 chromosomes fell into nine Y STR haplotypes, VI-56A-VI-56I (table 2). The pattern of the median-joining network for these haplotypes ( fig. 1B) 
a single mutational step away from the Romani VI-56A lineage.
Haplogroups VI-52 and IX-104, referred to as "Eu7" and "Eu18" by Semino et al. (2000) , accounted for 22.6% and 6.7%, respectively, of all Romani Y chromosomes. These two haplogroups are common in Europe , where reverse clinal distributions have been reported (Semino et al. 2000) , with higher frequencies of VI-52 in eastern Europe and of IX-104 in the western part of the continent.
Haplogroup VI-52 was identified in 57 males from 11 of the 14 Romani populations (table 2). The majority (52 of 57) were Roma resident in Bulgaria. Y STR analysis identified 15 haplotypes within this haplogroup. Two common haplotypes (VI-52A and VI-52B), contributed primarily by Romani groups that were early settlers in Bulgaria, accounted for 61% of the chromosomes of this haplogroup and for nearly 14% of all Romani Y chromosomes. Haplogroup VI-52 diversity indices were and . The median-joinh p 0.76 k p 3.15 ing network ( fig. 1C ) contained inferred nodes, with many haplotypes differing from each other by multiple mutational steps.
Haplogroup IX-104 was found in 8 of the 14 Romani populations, with 8 of 17 chromosomes coming from the Lithuanian and Spanish Roma (table 2) . Y STR analysis revealed 11 different haplotypes that connect to each other in a median-joining network with a number of inferred nodes ( fig. 1D ). The diversity indices in haplogroup IX-104 were and . h p 0.94 k p 2.50 The remaining five characterized haplogroups (table  2) were rare, each accounting for !4% of the total sample. Haplogroups VI-57, V-52, and IX-108 have been found in different parts of Asia, and III-36 has been identified in Ethiopia and South Africa (Underhill et al. , 2001 . Haplogroup VI-71 has no specific geographic association and is widely distributed throughout the world .
mtDNA Diversity
The results of the mtDNA analysis of 275 Roma are shown in table 4. A total of 12 mtDNA haplogroups were identified, of which 2-haplogroups M and H-accounted for 62% of the overall study population. Analysis of HVS1 revealed 72 unique sequences. Four common lineages-two of haplogroup H and one each of haplogroups M and U3-accounted for 36% of all Romani individuals.
Diversity of Maternal Lineages
Haplogroup M was identified in all 14 Romani populations and accounted for 73 individuals, or 26.5% of the total sample (table 4). Haplogroup M is rare in Europe (Richards et al. 1998; Simoni et al. 2000) but is common in Asia and eastern Africa (Quintana-Murci et al. 1999) . HVS1 sequence analysis did not identify the motif characterizing the African subhaplogroup M1, defined by variants at positions 16129, 16189, 16223, 16249, and 16311 (Quintana-Murci et al. 1999) , thereby pointing to the Asian origin of these Romani lineages.
HVS1 analysis of haplogroup M samples revealed 14 sequences. The two most common haplogroup M line-
Figure 2
Modified median-joining network of mtDNA haplogroup M, constructed from data presented in studies by Quintana-Murci et al. (1999) and Kivisild et al. (1999) and in the present study. All numbers are those given by Anderson et al. (1981) , plus 16,000. Sequences identified in the Roma are shown in red; sequences reported for Indian samples are shown in blue. Subhaplogroup designations are as proposed by Bamshad et al. (2001) , plus additional subclades defined by frequent variants at positions 16189, 16318, and 16093. Branches are proportional to the number of mutations separating sequence types, except those that connect subhaplogroups. ages differed by a single mutation step, at position 16298 (table 4) . These two lineages were present in 13 of the 14 Romani populations and accounted for 14.9% of all samples.
A transition at position 16129, which defines subhaplogroup M5 (Bamshad et al. 2001 ), was present in 11 of the 14 HVS1 sequences of Romani haplogroup M. One of the three lineages that do not bear the 16129 variant-namely, the lineage defined by variants at positions 16223, 16291, and 16298-are closely related to haplogroup M5 lineages and may represent a back mutation at position 16129, a known mutational hotspot (Stoneking 2000) . Subhaplogroup M5 was thus found to account for 97.3% of haplogroup M. A modified median-joining network ( fig. 2 ) was used to compare haplogroup M lineages in the Roma to those observed in India (Kivisild et al. 1999; Quintana-Murci et al. 1999 ). All but two Romani lineages clustered together as a small subset of the overall diversity present within the Indian haplogroup M. The coalescence of haplogroup M lineages in the Roma was estimated to be 4,625 years ago (95%CI 2,000-7,250 years). This date was obtained by considering that an average of 0.6896 mutations have accumulated from the putative ancestral haplotype-that is, the haplotype with variants at positions 16129, 16223, 16291, and 16298.
Haplogroup H was the most frequent mtDNA haplogroup among the Roma (table 4) . It was detected in 13 of 14 Romani populations and represented 35.6% (98 individuals) of the total sample. Haplogroup H is most common in Europe (Simoni et al. 2000) and the Near East (Richards et al. 2000) but is also found in India (Kivisild et al. 1999 ). HVS1 analysis of haplogroup H identified 23 sequences, 2 of which (defined by var-
Figure 3
Frequency distributions of the common (overall frequency 15%) male (A) and female (B) haplogroups in Romani populations. Populations in which sample size was !15 for either Y-chromosome or mtDNA haplogroup data were excluded from the analysis.
iants at positions 16261 and 16304 and at positions 16218 and 16278, respectively) each accounted for ∼22% of haplogroup H and together comprised 20% of the overall sample. These two lineages have not been found in a large survey of Near Eastern and European individuals (Richards et al. 2000) .
Haplogroup U3 was identified in 28 subjects (10.2% of the entire sample), most of whom (23 of 28) were Spanish and Lithuanian Roma. Only two lineages were identified by HVS1 sequencing, with one of them accounting for 93% of all U3 samples (table 4) . Haplogroup U3 is distributed throughout the Middle East and Europe (Richards et al. 2000) .
Haplogroup X occurred in 7.6% of Romani samples and could be subdivided into five lineages by HVS1 sequencing. Three of these lineages, bearing a transversion at position 16189, have not been seen in Europe and the Middle East, where haplogroup X is widely distributed (Kivisild et al. 1999; Richards et al. 2000) .
The remaining haplogroups-J, I, N1b, T, U5, U(K), U1, and W-accounted for 20% of Romani samples. Varying numbers of Romani lineages were identified by HVS1 sequencing in each haplogroup. These haplogroups have been observed in Europe, the Middle East, and India (Kivisild et al. 1999; Richards et al. 2000; Simoni et al. 2000) .
Genetic Structure
As shown in tables 2 and 4, a total of 13 paternal and 25 maternal lineages were found to occur in more than one Romani group. The male VI-68A lineage was shared by Roma from all populations, and two pairs of closely related mtDNA lineages, of haplogroups M and H, were common to 13 and 8 Romani populations respectively. At the same time, the frequency distribution of both major and rare male and female lineages differed dramatically between Romani populations ( fig. 3 ).
Figure 4
Two-dimensional PC plots based on Y STR haplotype frequencies (A) and mtDNA haplogroup frequencies (B). The population affinities shown are based on 51% and 42.6%, respectively, of the variation that, on the basis of Y-chromosome and mtDNA data, is present within the entire sample.
PC analysis was based on Y-chromosome and mtDNA haplogroup frequencies in Romani populations. The resultant PC plots provided better resolution of the genetic structure than was provided by a neighbor-joining tree (Nei 1987 ) using Y STR haplotypes (not shown). The PC plots are presented in figure 4 .
Two clusters, consistently present in both Y-chromosome and mtDNA analysis, were formed by the Monteni, Intreni, Lingurari, Kalderash, and Lom on one hand and by the Feredjelli and Turgovtzi on the other. The Spanish and Lithuanian Roma clustered together in the mtDNA analysis, and the Kalaidjii North and South clustered together in the Y-chromosome comparisons.
To examine the relevance of different cultural, historical, and geographic classification criteria to the genetic structure of the Roma, we used AMOVA based on Y STR data and mtDNA HVS1 sequences (table 5) . The country-of-residence, in which all Roma from Bulgaria were compared versus those from Lithuania versus those from Spain, showed no significant intergroup differences. The same result was obtained with comparisons based on place of residence, in which three pairs of Romani populations living in close proximity in three small towns in Bulgaria were examined. In the analysis based on ethnonym reflecting traditional trade, the comparison of bowl makers, tinsmiths, traders, and livestock dealers showed no significant intergroup differences.
Intergroup differences accounted for a significant proportion of the variance only when language and the history of migrations were used for classification of Romani populations. In the language-based classification, the comparisons included speakers of (a) Balkan dialects of Romanes, (b) Vlax dialects (Old as well as New Vlax), (c) Romanian, and (d) the languages of the surrounding majority populations. The major difference between these two groupings was related to the Lingurari, Monteni, and Intreni; they formed the group of Romanian speakers in the language classification, whereas, in the classification based on migrational history, they were placed together with the speakers of Vlax Romanes dialects. The language division resulted in significant intergroup differences for the female lineages only. Highly significant intergroup differences for both paternal and maternal lineages were observed only when classification was based on the history of migrations, comparing the old settlers in the Balkans to the migrants to Wallachia and Moldavia and to those moving to northern and western Europe. This comparison showed that ∼10% of the variance for Y chromosome and 5% for mtDNA ( for both) was due to differences between P ! .00001 the migrational groups.
Discussion
The Roma do not have their own written history; therefore, theories about their origins and migrations are based on legends or on linguistics and cultural anthropology. Early European historical records refer to the Roma as Egyptians, and the term "Gypsy" is thought to reflect that assumption (Fraser 1992) . Another popular legend is derived from an 11th-century chronicle by a Persian historian, describing a group of 10,000-12,000 musicians and entertainers given as a gift to the ruler of Persia, Shah Bahram Gur, by an Indian Maharaja, during the 5th century (Fraser 1992) . The theory of the Indian origins of the Roma (reviewed in Fraser 1992) is based on the similarities between Romanes and languages of the Indian subcontinent. However, the lack of close relationship with any specific living language or dialect in India has given rise to the concept of Romanes resulting from the "mixing of linguistic subsystems in the context of increased interaction among speakers of these varieties" (Hancock 2000, p. 2) . This linguistic theory has been linked to the historical period of the Islamic invasions of India and proposes that the Roma derive from the ethnically diverse martial society of the Rajputs, as well as from camp followers drawn from the lowest Varna and the out-caste or untouchable groups (Hancock 2000) . The argument of diverse origins rooted in India is supported by the social organization of the Roma, whose multiple endogamous populations with professional ethnonyms bear close resemblance to the jatis of India (Fraser 1992; Marushiakova and Popov 1997) . The endogamous professional-group organization could thus have been an inherent social characteristic of the proto-Roma at the time of the exodus from India. It is also conceivable that the fragmentation into small populations has occurred, within Europe, as a means of higher mobility-and, thus, survival in the face of repressive legislation and persecution (Hancock 1987; Fraser 1992; Liégeois 1994 )-and has been consolidated further by geographic dispersal and cultural and linguistic diversification. These scenarios could have a different impact on present genetic structure, with implications for genetic research, especially into complex disorders.
This study has demonstrated the sharing of identical Asian-specific paternal and maternal lineages between all Romani populations. Nearly 45% of Y chromosomes belong to haplogroup VI-68, and a single lineage within that haplogroup, found across Romani populations, accounts for almost one-third of Romani males. A similar preservation of a highly resolved male lineage has been reported elsewhere only for Jewish priests (Thomas et al. 1998) . Similarly, Asian-specific mtDNA haplogroup M is found in 13 of 14 Romani populations and accounts for 26.5% of maternal lineages in the Roma. The data provide strong evidence of Asian origins, in contrast with claims that the Roma are a socially defined population of European descent (Okely 1983; Wexler 1997) .
Analysis of diversity within haplogroups VI-68 and M provides an insight into the genetic composition of the ancestral population. The Y-chromosome haplogroup VI-68 Y STR haplotypes are closely related, suggesting recent diversification by mutational processes, and cluster as a subset of the overall diversity of Asian haplogroup VI-68. Detailed comparisons between the diversity in the Romani VI-68 lineage and that in the Asian haplogroup VI-68 will become possible when more information about male lineages in the Indian subcontinent becomes available. Most mtDNA haplogroup M lineages belong to subhaplogroup M5 (Bamshad et al. 2001 ) and form a small subset of the diversity within Indian haplogroup M. Again, close genealogical relationship suggests that diversity has arisen by mutation rather than by diverse origins or admixture. The relatively recent ages determined for haplogroup VI-68 and M in this study suggest that the ethnogenesis of the Roma can be understood as a profound bottleneck event. Although identification of the parental population of the proto-Roma has to await better understanding of genetic diversity in the Indian subcontinent, our results suggest a limited number of related founders, compatible with a small group of migrants splitting from a distinct caste or tribal group. The present findings and the published data on global diversity do not allow a distinction between additional founding lineages and early admixture for Y-chromosome haplogroup VI-56 and the less common haplogroups, shown to occur in Asia and the Middle East (Underhill et al. , 2001 , and for mtDNA haplogroups H and X, widely distributed from Europe to India (Kivisild et al. 1999; Simoni et al. 2000; Richards et al. 2000) . Both the close relationship between haplotypes within haplogroup VI-56 and its frequency distribution among the Roma point to introduction by a small number of related males. The fact that the common Romani mtDNA haplogroup H and X lineages have not been found among a large number of Middle Eastern and European individuals (Richards et al. 2000) suggests that they might be founding lineages of Indian origin. Regardless of the history of these lineages, the observed pattern points to greater female diversity in the early Romani population, compared with the male component.
Although the sharing of genetic lineages supports the common origins of the Roma, differentiation between Romani populations is evidenced by the distribution of male and female lineages (fig. 3) . The results of the AMOVA and PC analysis provide an insight into the contribution that different factors make to the shaping of the genetic structure of Romani populations. The irrelevance of geographic criteria for studying the Roma has been emphasized repeatedly by cultural anthropologists (Petulengro 1915-16; Fraser 1992; Liégeois 1994; Marushiakova and Popov 1997 ), yet country of residence has been used consistently as the descriptor in genetic studies of the Roma (reviewed by Kalaydjieva et al. [2001b] ). Our present results indicate that geography has no relevance to genetic structure, even when Romani populations living in close proximity in the same small town are considered. This is in contrast to the findings for other European populations, in which geographic distance (rather than culture and language) has been found to play the major role (Rosser et al. 2000) . The lack of genetic correlation with recently acquired religions (Muslim or Christian) is hardly surprising. Interestingly, traditional trade reflected in the ethnonym, an important factor in defining self-identity of Romani populations, was found to be a poor grouping criterion. By far the most significant differences between groups of populations were observed when language and especially history of migrations were used as the classification criteria in the AMOVA comparisons. These two indicators are closely related, since the classification of Romanes dialects is based mainly on external linguistic influences and borrowings. The significant difference between language groups, for female (but not male) lineages, possibly reflects the strict endogamy rules practiced by the Romanian-speaking Roma toward females from other populations. Strong support for the migrational grouping of populations was provided also by the results of the PC analysis.
The European migrations of the Roma have followed three major streams. Whereas the majority settled within the Balkan provinces of the Ottoman Empire, some headed to the autonomous principalities of Wallachia and Moldavia, north of the Danube (in presentday Romania), and others continued the journey north and west. Ottoman tax registries suggest that the number of Roma initially settling in the Empire would have been small (Marushiakova and Popov 1997) , and early historical records from Western Europe invariably describe Gypsies arriving as a group of 50-300 individuals led by an elder (Colocci 1889) . The early-settled Romani population south of the Danube and the superimposed migrations, from Wallachia and Moldavia, of small groups of runaway slaves during the 17th and 18th centuries and of larger numbers after the abolition of Gypsy slavery during the 19th century (Marushiakova and Popov 2001b) have spawned 150 socially diverse Romani populations in Bulgaria alone (Marushiakova and Popov 1997) . Our data indicate that current genetic structure results mainly from the early splits and divergent routes within Europe. Two processes, genetic drift and different levels and sources of admixture, appear to have played a role in the subsequent differentiation of populations. The effects of differential admixture are illustrated by the distribution of Y-chromosome haplogroups VI-52 and IX-104, whose occurrence among the Roma reflects the reported clinal distribution in Europe (Semino et al. 2000) . Intrahaplogroup diversities in the Roma are consistent with multiple independent admixture events. Similar examples are provided by mtDNA haplogroups H (excluding the two common lineages), X, T, and U5. The effects of drift are likely to account for the different frequencies of the major common lineages in the diverse Romani populations ( fig. 3) , such as the uneven representation of Y-chromosome haplogroup VI-56 and mtDNA haplogroup U3, both of which occur in multiple Romani populations.
Application of the knowledge of the origins and diversification of the Roma should prove useful in the design of future medical genetic studies. Our results are in need of further confirmation through the study of larger sample sizes, with wider representation of western-European Roma and of populations speaking the two major varieties of Balkan dialects of Romanes. One should also note that current genetic data may not mirror accurately the original composition of the migrant proto-Romani population; the profound effect of genetic drift due to small population size would have been complemented by the history of violent persecution of the Roma in Europe, culminating in the death camps of the Second World War (Fings et al. 1997) . Nonetheless, the findings point to an interesting difference in the biological and cultural history of the Roma. Whereas genetic differentiation appears to carry the imprint of the early European history of the Roma, social diversification seems to be the product of a recent restitution of the traditions of the ancient country of origin.
